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ABSTRACT 
Semiconductor heterojunction transistors of 
GaAs/Ge and ZnSe/Ge are being studied to determine the 
parameters controlling gain and frequency response. These 
parameters include the emitter and base doping levels, the 
device geometry and the device processing. The growth 
processes under study include HC1 close-spaced transport of 
GaAs and ZnSe, iodine transport of Ge, and solution-growth 
of Ge from Zn. 
The optical properties of ZnSe/Ge or GaAs/Ge photo- 
diodes and photo-transistors are to be examined and are 
expected to offer attractive features such as window effect. 
If the progress of the work allows, studies will also be 
made of nZnSe/pGaAs heterojunctions. 
111 
1. INTRODUCTION 
1.1 Objec t ives  
The r e sea rch  i n  process  comprises a d e t a i l e d  s tudy  of s e v e r a l  classes 
of semiconductor he t e ro junc t ion  s t r u c t u r e s .  The s t u d i e s  are aimed a t  ob- 
t a i n i n g  a b e t t e r  b a s i c  understanding of t h e  cond i t ions  f o r  minor i ty  carrier 
i n j e c t i o n ,  t h e  t r a n s p o r t  mechanism f o r  carriers a c r o s s  t h e  i n t e r f a c e  and t h e  
photo-voltage p r o p e r t i e s  of  n-p he t e ro junc t ions .  
Experimental  and a n a l y t i c a l  s tudy  i s  t o  be  made of t h e  f a c t o r s  con- 
t r o l l i n g  ga in ,  frequency and temperature  dependence i n  h e t e r o j u n c t i o n  t r a n s i s -  
t o r s  of G a A s / G e  and ZnSe/Ge, i nc lud ing  t h e  fo l lowing:  
a) Experimental  s tudy  of t h e  f a c t o r s  p r e s e n t l y  l i m i t i n g  performance i n  
G a A s / G e  and ZnSe/Ge t r a n s i s t o r  s t r u c t u r e s  by explor ing  e f f e c t s  of parameters  
such as doping levels,  base  th i cknesses ,  capac i tances .  Some i n v e s t i g a t i o n s  
of masking and con tac t  problems. 
b) Design s t u d i e s  f o r  a smal l - s igna l  medium-frequency (of t h e  o rde r  of 
100 MHz f ) he te ro junc t ion  t r a n s i s t o r  i n  which t h e  base  i s  doped a t  a l e v e l  
g r e a t e r  t han  o r  comparable t o  t h a t  of t h e  emitter. Study of t h e  e x t e n t  t o  
which t h e  heavy base  doping level should minimize t h e  e f f e c t s  of emitter crowd- 
ing  and second breakdown i n  such a t r a n s i s t o r .  
c )  
and c o l l e c t o r  r eg ions  on emitter s u b s t r a t e  seeds  of G a A s  o r  ZnSe. Low 
temperature  growth systems are under s tudy  inc lud ing  t h e  s o l u t i o n  growth of 
G e  from Zn and t h e  i o d i n e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  process .  
T 
Experimental  s tudy  of t h e  f e a s i b i l i t y  of growing device  q u a l i t y  G e  base  
It is  hoped a l s o ,  i f  p rog res s  pe rmi t s ,  t o  make pre l iminary  s t u d i e s  of 
t h e  electrical  and o p t i c a l  p r o p e r t i e s  of ZnSe-GeAs h e t e r o j u n c t i o n  s t r u c t u r e s .  
Semiconductor h e t e r o j u n c t i o n  s t r u c t u r e s  o f f e r  many unusual  and i n t e r e s t -  
i n g  device  p o s s i b i l i t i e s ,  inc luding:  
(1) 
levels. These should have reduced lateral  b i a s  e f f e c t s ,  good h igh  frequency 
performance and unusual ly  h igh  quantum-gain as pho to - t r ans i s tb r s .  
(2) Window-effect photo- junct ions of low i n t e r n a l  r e s i s t a n c e ,  o f f e r i n g  t h e  
p o s s i b i l i t y  of h igh  performance and good r a d i a t i o n  r e s i s t a n c e  (see Sec t ion  9 
Wide-gap emitter t r a n s i s t o r s  w i t h  a new degree  of freedom i n  base  doping 
of t h i s  r e p o r t ) .  
(3) High-frequency r e c t i f i c a t i o n  by N-N semiconductor h e t e r o j u n c t i o n s ,  s i n c e  
minor i ty  c a r r i e r  s t o r a g e  does no t  occur .  
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( 4 )  
0.7 ev,  and may be expected t o  be in f r a - r ed  d e t e c t o r s  wi th  less f r e e  carrier 
abso rp t ion  than  metal-semiconductor j u n c t i o n s .  
N-N he t e ro junc t ions  con ta in  energy b a r r i e r s  i n  t h e  range up t o  about 
( 5 )  
t h e  p o s s i b i l i t y  of i n f r a - r ed  t o  v i s i b l e  l i g h t  "up-conversion'' f o r  d i s p l a y  
purposes.  I n  a d d i t i o n  they  r ep resen t  t h e  p o s s i b i l i t y  of achiev ing  i n j e c t i o n  
and recombination r a d i a t i o n  from semiconductors i n  which pn homojunetions can 
no t  be formed by doping. 
(6) 
Semiconductor h e t e r o j u n c t i o n s  i n  v i r t u e  of t h e  band-gap d i f f e r e n c e s  o f f e r  
Space-charge-limited-flow emitter s t r u c t u r e s  are p o s s i b l e  wi th  he te ro-  
j u n c t i o n s  and t h e s e  may b e  h igh  frequency t r a n s i s t o r s .  
The p resen t  s tudy  i s  mainly concerned wi th  t h e  i n v e s t i g a t i o n  of i t e m s  
(1) and (2), al though t h e  r e s u l t s  w i l l  have bear ing  on most of t h e  o t h e r  
a spec t s .  
1 .2  General  Comments 
Although r e sea rch  on semiconductor h e t e r o j u n c t i o n s  has  been i n  p rogres s  
f o r  a number of y e a r s  t h e  e f f o r t  supported has  been r a t h e r  l i m i t e d  and p rogres s  
has  been slow. The need f o r  g r e a t  care i n  t h e  choice  of h e t e r o j u n c t i o n  p a i r s ,  
and i n  f a b r i c a t i o n  and doping d e t a i l s ,  has  been r e a l i z e d ;  and i n  t h e  las t  yea r  
o r  so ,  t h e  "wide-gap e m i t t e r "  a c t i o n  pos tu l a t ed  i n  1951 by D r .  W. Shackley , 
has  been shown t o  be a p r a c t i c a l  e f f e c t  i n  semiconductor he t e ro junc t ions .  
T r a n s i s t o r s  of G a A s ,  G e ,  G e ,  and ZnSe, G e ,  G e  (emitt,er, base  and c o l l e c t o r  
reg ions)  w i t h  c u r r e n t  g a i n s  (be ta )  of  between 20 and 60 have been f a b r i c a t e d  
by t h e  Carnegie-Mellon group. 
10 cm ) i s  f a r  l a r g e r  t han  t h e  emitter doping level  (10 - 10 cm ) . These 
doping r a t i o s  would be q u i t e  i m p r a c t i c a l  i n  a homojunction t r a n s i s t o r ,  where 
t h e  emitter doping must g r e a t l y  exceed t h a t  of t h e  base  t o  prevent  l o s s  of 
1 
I n  t h e s e  t r a n s i s t o r s  t h e  base  doping (about 
19  -3 12 1 6  -3 
g a i n  by reverse i n j e c t i o n  from t h e  base  t o  t h e  emitter. 
t h i s  reverse i n j e c t i o n  i s  prevented by an  extra b a r r i e r  r e p r e s e n t i n g  t h e  
energy 'gap d i f f e r e n c e  of t h e  semiconductors used f o r  t h e  emitter and base.  
I n  a h e t e r o j u n c t i o n  
This  s i t u a t i o n  is  shown i n  Fig.  1 (a) and (b) which i l l u s t r a t e  t h e  emi t te r -base  
conduction and va lence  band b a r r i e r s  f o r  a homojunction and h e t e r o j u n c t i o n  
r e s p e c t i v e l y .  
Three f a c t o r s  are necessary  t o  produce semiconductor h e t e r o j u n c t i o n s  
t h a t  e x h i b i t  good i n j e c t i o n  and c o l l e c t i o n  i n s t e a d  of a v a r i e t y  of undes i r ab le  
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FIG, 1 Transistor Energy Band Diagrams for Homojunction 1 (a) 
and Heterojunction Emitters 1 (b). 
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t u n n e l l i n g  and recombination mechanisms as previous ly  seen. These t h r e e  
f a c t o r s  are: 
1) The l a t t i c e  match must be  very  c l o s e  t o  reduce i n t e r f a c e  states. The 
most promising p a i r s  are G a A s  (5.654"A) on G e  (5.658"A) and ZnSe (5.667"A) 
on G e ,  s i n c e  t h e s e  are now known t o  form i n j e c t i n g  junc t ions .  ZnSe on G a A s  
i s ,  of course ,  an  equa l ly  promising p a i r ,  bu t  has  n o t  y e t  been eva lua ted .  
2) 
no t  con ta in  a l a r g e  energy sp ike  caused by e l e c t r o n  a f f i n i t y  d i f f e r e n c e s ,  o r  
i n t e r f a c e  state charge.  Such sp ikes  impede i n j e c t i o n  and a l low i n t e r f a c e  
recombination o r  t u n n e l l i n g  phenomena t o  dominate t h e  c u r r e n t  f low mechanisms. 
The valence  band edge f o r  a pGaAs-nGe j u n c t i o n  i s  shown i n  Fig.  2 (a )  and 
con ta ins  an energy d i s c o n t i n u i t y  t h a t  i s  about 0.6 ev and impedes t h e  i n j e c t i o n  
of ho le s  from G a A s  i n t o  t h e  G e .  On t h e  o t h e r  hand, t h e  conduction band edge 
f o r  a nGaAs-pGe j u n c t i o n ,  F ig .  2 ( b ) ,  con ta ins  only a very  minor energy s p i k e  
The conduction o r  va lence  band i n  which t h e  i n j e c t i o n  i s  requ i r ed  should 
which does not  s e e m  t o  impede t h e  i n j e c t i o n  of e l e c t r o n s  from t h e  G a A s  i n t o  
t h e  G e .  
3 )  Growth methods need t o  b e  very  c a r e f u l l y  chosen and c a r r i e d  out  wi th  
a t t e n t i o n  t o  d e t a i l  s o  t h a t  c l ean  cond i t ions  are maintained.  Seed p repa ra t ion  
i s  important  anci s o  i s  l eak - t igh tness  and freedom from oxygen, vacuum g r e a s e  
,- 
and o t h e r  sources  of contamination. The growth temperature ,  t i m e s  and chemical 
spec ie s  i n  t h e  growth system should be  such t h a t  they minimize t h e  p o s s i b i l i t i e s  
of s t r a i n  and cross-doping o r  abnormal grad ing  between t h e  semiconductors 
forming t h e  two s i d e s  of t h e  he t e ro junc t ion .  
growth system must no t  a l low undesired G a  o r  A s  t o  be  incorpora ted  i n  t h e  G e  
l a y e r  o r  excess ive  amounts of G e  t o  be  incorpora ted  i n  t h e  GaAs.  
For example, t h e  nGaAsTpGe 
F a i l u r e  t o  recognize t h e s e  t h r e e  f a c t o r s  ( la t t i ce  match, i n t e r f a c e  band 
s t r u c t u r e  and s u i t a b l e  growth systems) have been t h e  major reasons  i n  t h e  p a s t  
for  t h e  slow progress  towards t h e  f a b r i c a t i o n  of u s e f u l  and unique he tero-  
j u n c t i o n  semiconductor devices .  
The o b j e c t i v e s  of t h e  p re sen t  r e sea rch  are t o  eva lua te  t h e  f a c t o r s  con- 
t r o l l i n g  t h e  ga in ,  frequency and tempera ture  dependence i n  h e t e r o j u n c t i o n  
t r a n s i s t o r s  of  G a A s l G e  and ZnSe/Ge. 
and o p t i c a l  p r o p e r t i e s  of h e t e r o j u n c t i o n s  of nZnSe-pGaAs and compare them 
wi th  nZnSe-pGe junc t ions .  Such j u n c t i o n s  should have i n t e r e s t i n g  dev ice  
p r o p e f t i e s  because ZnSe and GaAs  are of good l a t t i ce  match, h igh  i n  energy 
Secondly t o  i n v e s t i g a t e  t h e  electrical  
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p G a A s  
2 ((4) - & e  
------------ 
E, 
- 
. Hole i n jec t i on  
. tarqe spike 
n G e A s  
i n j e c t i o n  e c /r 
FIG. 2 Spike Barrier Impedes Injection i n  pGaAs-nGe 
Heterojunction but not i n  nGaAs-pGe junction 
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gap (2.6-1.4sV) and d i r e c t  recombination i n  energy band s t r u c t u r e .  
The key ques t ion  t o  be answered from t h e s e  s t u d i e s  i s  t o  what e x t e n t  
t h e  performance (electrical  o r  o p t i c a l )  i s  determined by i n t e r f a c e  recombina- 
t i o n  r a t h e r  t han  by normal j u n c t i o n  behavior  and bulk  p r o p e r t i e s  of t h e  base  
o r  e m i t t e r .  
d e t a i l s  b u t  i t  i s  expected t h a t  t h e  s t u d i e s  w i l l  i n d i c a t e  where improvements 
are needed i n  process ing .  
The answer t o  t h i s  ques t ion  w i l l  t o  some e x t e n t  depend on process  
Design s t u d i e s  are i n  process  f o r  a smal l - s igna l  medium-frequency 
( 3 100 MHz f T )  he t e ro junc t ion  t r a n s i s t o r  i n  which t h e  base  is  doped a t  a 
level g r e a t e r  t han ,  o r  comparable t o  t h a t  o f ,  t h e  emitter. W e  hope t o  
e s t a b l i s h  t h e  degree t o  which t h e  completely d i f f e r e n t  emitter and base  doping 
p ropor t ions  of a h e t e r o j u n c t i o n  t r a n s i s t o r  may be  expected t o  change f r e -  
quency response c h a r a c t e r i s t i c s ,  emitter crowding, second breakdown and r e l a t e d  
f a c t o r s .  For example t h e  doping l e v e l s  modify parameters such as r e s i s t a n c e s ,  
capac i t ances ,  emitter base  and c o l l e c t o r  t r a n s i t  t i m e s ,  and v o l t a g e  and 
cu r ren t  r a t i n g s .  Design s t u d i e s  w i l l  i n d i c a t e  how t o  p ropor t ion  t h e  t r a n s i s t o r ,  
w i t h i n  t h e  l i m i t s  imposed by t h e  process  technology,  f o r  good performance. 
Some i n v e s t i g a t i o n  of masking and con tac t  technology i s  involved,  s i n c e  the ,  
presence of heterogeneous materials a f f e c t s  t h e  permi t ted  process ing .  
Experimental  s t u d i e s  are intended of t h e  f e a s i b i l i t y  of e p i t a x i a l  growth 
of t h e  G e  base  and c o l l e c t o r  reg ions  on emitter s u b s t r a t e  seeds  of G a A s  o r  
ZnSe. 
emitter on a base -co l l ec to r  germanium s u b s t r a t e .  
This  would be  an  inve r s ion  of t h e  present p r a c t i c e  of growing t h e  
I n  f avor  of growing t h e  emitter i s  t h e  f a c t  t h a t  imperfec t  s t r u c t u r e ,  i f  
p r e s e n t ,  i s  mainly i n  t h e  emitter where it has presumably l i t t l e  e f f e c t  on t h e  
device  i n j e c t i o n  e f f i c i e n c y .  
GaAs  f r e e  A s  i s  p resen t  and can d i f f u s e  i n t o  t h e  p type  G e  base  l a y e r .  This  
is  a major problem s i n c e  A s  i s  an n t y p e  dopant and t h e  p G e  base  reg ion  has  
t o  b e  heav i ly  doped (wi th  consequent degrada t ion  of l i f e t i m e  and mob i l i t y )  t o  
prevent  t h e  c r e a t i o n  of a undesired n l a y e r .  I f  t h e  G e  l a y e r s  are grown by 
G e 1 2  decomposition a t  about  4OO0C, i t  i s  p o s s i b l e  t h a t  A s  from t h e  G a A s  seed  
w i l l  not  be  so r e a d i l y  incorpora ted  i n t o  t h e  G e  b a s e  l a y e r  reg ion .  
On t h e  o t h e r  hand, dur ing  t h e  e m i t t e r  growth of 
On t h e  
o t h e r  hand t h e  mob i l i t y  and l i f e t i m e  i n  t h e  grown pGe base  l a y e r s  may no t  b e  
p a r t i c u l a r l y  good because of d e f e c t s  i n  t h e  e p i t a x i a l  l a y e r s .  
In t h e  growth of ZnSe emitters by t h e  H C 1  process ,  t h e  presence  of f r e e  
Zn is  no t  an important  problem s i n c e  i t  is a p type  dopant and has  t h e r e f o r e  
l i t t l e  e f f e c t  on t h e  p type  G e  base  reg ion .  However t h e  n t y p e  ZnSe l a y e r s  
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are n o t  as heav i ly  doped as we  would l i k e .  Apparently n type  dopants  ( A l ,  Ga, 
In)  i n  ZnSe do n o t  t r a n s p o r t  too  w e l l  i n  t h e  presence  of HC1.  
a t  p re sen t  ZnSe l a y e r s  of 10  -10 ohm-cm are about t h e  b e s t  t h a t  can be  obta ined  
from source  
For example, 
2 3  
ZnSe i n  t h e  0.1-10 ohm c m  range. 
The germane decomposition process  (700°C) does no t  seem very  promising f o r  
t h e  growth of germanium on ZnSe seeds ,  s i n c e  t h e  l o s s  of Zn t ends  t o  become 
r a p i d  at temperatures  above 500°C. 
t h e  growth o f  G e  from t h e  iodine-germanium d i sp ropor t iona t ion  r e a c t i o n  however 
appears  worthwhile,  s i n c e  t h e  temperature  involved i s  400°C a t  t h e  seed.  
ZnSe seed may a l s o  be  p ro tec t ed  a g a i n s t  Zn l o s s  by coa t ing  of exposed s u r f a c e s  
wi th  S i 0  obta ined  from TEOS decomposition. W e  are a l s o  explor ing  t h e  poss i -  
b i l i t y  of growing G e  on ZnSe by s o l u t i o n  growth from Zn. 
r equ i r ed  are moderate,  40O-50O0C, and t h e  presence  of t h e  Zn should suppress  
z i n c  vacancies .  
2. ZnSe EPITAXY FOR HETEROJUNCTIONS 
Examination of  t h e  j u n c t i o n s  formed by 
The 
2 
The temperatures  
ZnSe may be  grown on p-type G e  s u b s t r a t e s  by an H C 1  close-spaced e p i t a x i a l  
p rocess .  This  t y p e  of growth system was a v a i l a b l e  and ope ra t ing  a t  t h e  o u t s e t  
of t h i s  g r a n t .  
spaced system ZnSe i s  separa ted  from G e  by a 10-15 m i l  qua r t z  space r .  The 
ZnSe, G e ,  and space r  are i n  t u r n  he ld  r i g i d l y  between two oxid ized  S i  blocks 
which are s i t u a t e d  i n  a q u a r t z  growth tube  where H C 1  and hydrogen gas  can be 
admit ted.  The blocks are hea ted  independent ly  by two i n t e n s e  l i g h t  sources  
( sun-guns) which produce upper (ZnSe) block temperatures  from 650 t o  800°C 
and lower (Ge)  b lock  temperatures  of 500 t o  680°C. During growth t h e  h igher  
ZnSe temperature  causes  ZnSe e t ch ing  by t h e  flowing HC1 + H2 gas .  
material d i f f u s e s  t o  t h e  lower temperature  G e  seed where i t  d e p o s i t s  e p i t a x i a l l y .  
Table I g ives  t y p i c a l  r e s u l t s  on uniformly doped (0.1-30 ohm-cm) p t y p e  G e  
s u b s t r a t e s .  
It i s  descr ibed  i n  d e t a i l  i n  a previous  repor t :  I n  t h e  c l o s e  
The etched 
Table  1 
ZnSe G e  Ge HC1 Growth 
Temp. Temp Or ien t  a t  ion  Concentrat ion Rate 
Growth of Znxe On G e  By t h e  Close-Spaced HC1 Process* 
675°C 58OOC (111) .03% 
675°C 58OoC (111) .045% 
675°C 580°C (100) .03% 
* The seed t o  source  spac ing  w a s  12  m i l s  and t h e  t o t a l  
. H f low rate w a s  200 cc/min. Low H C 1  concen t r a t ions  2 
t o  prevent  G e  e tch ing .  
1 , d h r .  
3.5 +/hr. 
4 p l h r .  
H C 1  p l u s  
are necessary  
- 7 -  
Grown l a y e r s  are s i n g l e  c r y s t a l  on (111) o r i e n t e d  G e .  S i n g l e ' c r y s t a l -  
l i n i t y  on (100 l subs t r a t e s  has  not  been determined as y e t .  
on (111) s u b s t r a t e s  show a r e g u l a r  t r i a n g u l a r  p y r a m i d  p a t t e r n  o f  
d e n s i t y  2 x l o 5  - 4 x 10 cm . 
(5  x 10  
be fo re  and a f t e r  growth. It is  be l i eved  t h a t  ZnSe s t ack ing  f a u l t s  o r i g i n a t e  
at t h e  ZnSe-Ge i n t e r f a c e  due t o  t h e  i n c l u s i o n  of s t r a i n  from thermal  ex- 
pansion mismatch between ZnSe and G e .  
As-grown s u r f a c e s  
5 -2 This  does no t  correspond t o  t h e  much lower 
3 cmw2) d i s l o c a t i o n  e t c h  p i t  d e n s i t y  of t h e  G e  s u b s t r a t e s  measured 
Severe c racking  of ZnSe occurs  i f  i t  
is  cooled from growth temperatures  a t  more than  2OC/min. 
10it4'. a l s o  p re sen t  a cracking  problem. 
Growths on (100) p-type G e  do no t  produce s t ack ing  f a u l t  p a t t e r n s  bu t  g ive  an 
almost m a t t  su r f ace .  However t h i s  is no reason t o  b e l i e v e  t h a t  f a u l t s  are 
no t  p re sen t .  
Layers t h i c k e r  t han  
Slower cool ing  produces no c racks .  
6 8 Grown ZnSe l a y e r  r e s i s t i v i t i e s  are t y p i c a l l y  10  - 10 ohm-cm when no 
a t tempts  are made t o  suppress  Zn vacancy formation.  A t  t empera tures  above 
4 O O O C  Zn vacancies  are c rea t ed  q u i t e  r a p i d l y .  
and can almost completely compensate any e x i s t i n g  o r  i n t e n t i o n a l l y  added 
donor impur i t i e s .  This  s tudy  r e q u i r e s  low r e s i s t i v i t y  n-type ZnSe, and con- 
sequent ly  t h e  h igh  r e s i s t i v i t y  grown mater ia l  is  q u i t e  u s e l e s s .  
Such vacancies  are accep to r s  
Seve ra l  
i d e a s  are under exaa ina t ion  t h a t  are aimed a t  making t h e  grown ZnSe low 
r e s i s t i v i t y  n-type e i t h e r  dur ing  o r  a f t e r  growth. 
1 The f i r s t  method (previous ly  employed ) uses  G a  doped (1017cm-') ZnSe 
as source  material coupl ing i t  wi th  a z i n c  vapor d i f f u s i o n  s t e p  wh i l e  s t i l l  
i n  t h e  growth appara tus .  
ohm-cm. Experiments i n d i c a t e d  t h a t  t h e  low dopant t r a n s f e r  r a t i o  may be due 
t o  poor  dopant t r a n s f e r  f a c t o r s ,  s i n c e  A 1  doped (10 ern ) ZnSe y i e l d e d  
lo5 - 10 ohm-cm material. 
4 This  produces a lowest r e s i s t i v i t y  of lo3 - 10 
18 -3 
6 
The second method involves  evapora t ing  Zn l a y e r s  on grown ZnSe t o  re- 
move Zn vacancies .  
on t h e  grown l a y e r  su r face .  
t h e  z inc .  
t o  a temperature  and f o r  a t i m e  necessary  f o r  t h e  z i n c  t o  d i f f u s e  completely 
through t h e  ZnSe. Then i t  i s  cooled a t  t h e  same rate. Typica l  temperatures  
and t i m e s  are 450" - 50OOC f o r  10 minutes  t o  2 hours .  Resu l t s  from growths 
wi th  undoped sources  i n d i c a t e  t h a t  t h e  r e s i s t i v i t y  can b e  reduced as low as 
5 x lo3  - 5 x 10  
the z i n c  vapor d i f f u s i o n  method can produce under s imi la r  cond i t ions .  
I n  t h i s  method a t h i n  (1000 A) l a y e r  of Zn i s  evaporated 
A l p  p r o t e c t i v e  l a y e r  of A 1  is depos i t ed  over  
The Al-Zn coated ZnSe-Ge dev ice  i s  then  hea ted  s lowly (2OC/min.) 
4 ohm-cm. Th i s  i s  about an o rde r  of magnitude b e t t e r  than  
Runs 
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with  doped sources  are now under way, and i t  i s  hoped t h a t  t h e  evaporated Zn 
l a y e r  method can produce b e t t e r  doping than  p rev ious ly  obtained.  
G a A s  EPITAXY FOR HETEROJUNCTIONS 
During t h e  f i r s t  p o r t i o n  of t h i s  g r a n t  work on t h e  growth of G a A s  
l a y e r s  on G e  has  been d i r e c t e d  toward improving t h e  p r o p e r t i e s  of  t h e  G a A s  
l a y e r  and t h e  GaAs-Ge he t e ro junc t ion .  
3 .  -
The f i r s t  GaAs-Ge  he t e ro junc t ion  t r a n s i s t o r s  produced i n  t h i s  l abora to ry  
s u f f e r e d  from a low DC c u r r e n t  ga in  and a h igh  emitter r e s i s t a n c e .  
t h e s e  problems have been a t t acked  s imultaneously.  I n  an  e f f o r t  t o  lower t h e  
emitter r e s i s t a n c e  t h e  e f f e c t s  of s u b s t r a t e  o r i e n t a t i o n ,  s u b s t r a t e  temperature ,  
HC1 concen t r a t ion ,  and t h e  method of i n i t i a t i n g  growth have been s tud ied .  
Both of 
G a A s  l a y e r s  have been grown on s u b s t r a t e s  o r i e n t e d  i n  t h e  (lll), ( l o o ) ,  
and (311) d i r e c t i o n s  as w e l l  as a t  8" o f f  (111) toward (100). It has  been 
d e f i n i t e l y  e s t a b l i s h e d  t h a t  s u b s t r a t e s  o r i e n t e d  a c c u r a t e l y  t o  t h e  (111) 
d i r e c t i o n  produce l a y e r s  w i t h  rough, g ra iny  t e x t u r e  under growth cond i t ions  
which produce m i r r o r  smooth l a y e r s  w i th  very  few s tocking  f a u l t s  on (311) 
and 8" o f f  (111) s u b s t r a t e s .  These comparisons w e r e  made a t  a s u b s t r a t e  
temperature  of 600OC. 
from 450" t o  65OOC onto heav i ly  doped p type  s u b s t r a t e s  demonstrates  t h a t  
t h e  b e s t  growth morphology is obta ined  a t  temperatures  h ighe r  t han  550OC. 
A s tudy  of GaAs l a y e r s  grown a t  temperatures  ranging 
The e f f e c t  of i n t roduc ing  t h e  H C 1  wi th  a l i n e a r  r i s e  i n  concen t r a t ion  
a t  t h e  beginning of t h e  growth w a s  compared wi th  an abrupt  i n c r e a s e  i n  
concen t r a t ion  obta ined  by e i t h e r  doubl ing t h e  t o t a l  f low rate i n t o  the growth 
tube  o r  by us ing  t e n  t i m e s  t h e  f i n a l  H C 1  concen t r a t ion  dur ing  t h e  i n i t i a l  
s t a g e s  of growth. It w a s  found t h a t  doubl ing t h e  f low rate i n  o rde r  t o  raise 
t h e  H C 1  Concentrat ion i n  t h e  tube  allowed growth without  s u r f a c e  conversion 
due t o  a r s e n i c  f o r  p-Ge s u b s t r a t e s  doped as low as 8 x 10 cm . This  pro- 
cedure produced t h e  b e s t  p-n he te rodiodes  s o  f a r  ob ta ined  from t h i s  system. 
18 -3 
Var ia t ion  of t h e  growth temperature  when growing on p-Ge s u b s t r a t e s  
showed t h a t  s u r f a c e  conversion was more pror,ounced a t  lower tempera tures  
than  a t  h igh  temperatures .  
bear ing  i t  may have on t r a n s i s t o r  f a b r i c a t i o n .  
This  r e s u l t  i s  being s t u d i e d  f u r t h e r  t o  see what 
It has been shown t h a t  t h e  r e s i s t i v i t y  of G a A s  l a y e r s  ob ta ined  from 
H a l l  measurements i s  i n c o n s i s t e n t  w i th  t h e  r e s i s t a n c e  measured between a 
con tac t  on t h e  l a y e r  and an  n-type G e  su r f ace .  The n-type G e  may e i t h e r  
be converted G e  s u r f a c e  o r  a p-type s u b s t r a t e  o r  n-type bulk s u b s t r a t e  material. 
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This obs,ervation prompted studies of the tin contacts reported.in the next 
section. Improving the contacts did not change this result. In fact, it 
was shown that the lateral resistance of the layer is frequently less than 
the resistance through the layer to the Ge. In an attempt to determine the 
cause of this problem, profiles of the carrier concentration versus layer 
thickness are being made on pasc runs. So far, we have determined that in 
two cases the carrier concentration increases toward the heterojunction from 
the GaAs surface as might be expected from Ge autodoping. 
By way of contrast, occasional runs have produced low mesa resistances 
of a few ohms. The reason for this is not clear but seems t o  be orientation 
dependent and is probably also connected with Ge autodoping. It is hoped that 
the present study will lead to a clarification of the above results and result 
in an optimization of layer resistivity and heterojunction properties. 
4. CONTACTS TO ZnSe AND TO G a A s  
Most work on ohmic contacts to bulk n-type ZnSe is contained in a pre- 
1 vious report. 
sec. in an ambient gas consisting of Ar-15% H2 plus 1-2% high purity H C 1  gas. 
Penetration depths are less than 1/2 micron. 
The best contact found is pure In alloyed at 300°C for 10-20 
Results from potential probe 
experiments indicate that although the 
there exists a sizable contact resistance which increases with decreasing 
temperature and decreases with decreasing resistivity. 
typical contact on 4 ohm-cm ZnSe shows less than 1 ohm contact resistance 
at 300°K but 20 ohms contact resistance at 7 7 ° K .  
this contact resistance is not understood. Nickel plating ZnSe allows 
superior In wetting of the ZnSe but does not reduce the contact resistance. 
Similar contact studies have not been extensively pursued in grown material 
contacts are ohmic at 300°K and 7 7 " K ,  
A s  an example a 
The mechanism responsible for 
due to the fact that traps and injected space charge in such high resitivity 
material "mask out" the contacts. More work will be continued as soon as 
lower resistivity material can be obtained. 
Work has begun on evaporated In-Zn contacts to bulk and grown ZnSe since 
this technology will be needed to create heterojunction transistors with 
well-defined emitter contact geometries, and photo-diodes with digitated 
contacts for low lateral resistance. A typical procedure is to sequentially 
evaporate a 1000 1 layer of Zn, a 5000 d layer of In and a 1Flayer of 
protective'A1 on a grown ZnSe layer and bulk high resistivity (no intentional 
doping) ZnSe. The idea here is to use the zinc t o  suppress Znvacancies and 
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t h e  I n  t o  form t h e  con tac t .  The material is doped and contac ted  s imultaneously.  
The bulk ZnSe i s  used as a check on t h e  e f f e c t i v e n e s s  of t h e  method s i n c e  it 
u s u a l l y  con ta ins  more n-type i m p u r i t i e s  t h a n  t h e  grown material and can there-  
f o r e  b e  d r i v e n  lower r e s i s t i v i t y  t o  produce b e t t e r  con tac t s .  Samples are 
hea ted  t o  450-500°C f o r  10  minutes t o  2 hours, depending on t h e  th i ckness  of 
ZnSe t o  b e  doped. Resu l t s  ob ta ined  s o  f a r  are promising. Bulk ZnSe shows 
1-10 ohm-cm s k i n s  whose th i ckness  corresponds t o  t h a t  ob ta ined  exper imenta l ly  
from t h e  d i f f u s i o n  of Zn i n  ZnSe . Contacts  are almost ohmic bu t  show about 
2-3 t i m e s  t h e  r e s i s t a n c e  of I n  d o t s  a l loyed  t o  t h e  same material. Contact 
r e s i s t a n c e  measurements over a temperature  range  have no t  been made. 
same i s  t r u e  on grown material except  t h e  apparent  r e s i s t i v i t y  i s  i n  t h e  
5 x l o 3  - 5 x 10 More work on ZnSe 
grown from doped sources  should produce b e t t e r  r e s u l t s .  
Considering now t h e  ques t ion  of c o n t a c t s  t o  G a A s ,  t h e  p r a c t i c e  i n  our  
l abora to ry  has  been t o  use  a l loyed  t i n  c o n t a c t s  w i th  H C 1  as t h e  f l u x  i n  an  
atmosphere of Ar-15% H A re-examination of t h e s e  c o n t a c t s  dur ing  t h i s  re- 
p o r t  per iod  showed t h a t  when proper ly  a l loyed  a t  a temperature  of about 32OOC 
onto 0.03 ohm-cm and 0.2 ohm-cm n-type G a A s  t h e  r e s i s t a n c e  is approximately 
t h e  t h e o r e t i c a l  spreading  r e s i s t a n c e  of t h e  con tac t .  
1 
The 
4 ohm-cm range  ( f o r  undoped sources) .  
2 '  
It has been shown t h a t  
remel t ing  of con tac t s  during subsequent f a b r i c a t i o n  s t e p s  
gra iny  s u r f a c e s  f r equen t ly  r e s u l t  i n  an  i n o r d i n a t e l y  h igh  
Some of t h e  h igh  r e s i s t a n c e  observed f o r  many of t h e  p a s t  
doubtedly be a t t r i b u t e d  to  remel t ing  t h e  con tac t  i n  o rde r  
w i r e .  
and c o n t a c t s  t o  
con tac t  r e s i s t a n c e .  
devices  can  un- 
t o  a t t a c h  a l e a d  
Recent ly ,  con tac t  r e s i s t a n c e  measurements were performed on a mi r ro r  
smooth G a A s  l a y e r  grown on (311) n-type G e .  The t y p i c a l  con tac t  r e s i s t a n c e  
l e a d s  t o  a va lue  of 1 .3  ohms which i s  c o n s i s t e n t  w i th  t h e  r e s i s t i v i t y  i n f e r r e d  
from o t h e r  r e s i s t a n c e  measurements. 
5. FABRICATION TECHNOLOGY FOR H E T E R O J U N C T B  TRANSISTORS 
GaAs-Ge and ZnSe-Ge he te ro junc t ion  t r a n s i s t o r s  have been f a b r i c a t e d  and 
s t u d i e d  by Jadus2 and Hovel3. 
def ined  by masking t h e  con tac t  area wi th  apiezon w a x  and e tch ing .  
areas obta ined  i n  t h i s  way are u s u a l l y  of i r r e g u l a r  shape and a n  accu ra t e  
The emit ter  area (mesa) i n  t h e s e  s t u d i e s  w a s  
The a c t i v e  
c o n t r o l  of t h e  geometry is  n o t  easy  s i n c e  i t  may n o t  b e  p o s s i b l e  t o  o b t a i n  
two devices  having e x a c t l y  t h e  same geometry f o r  parameter v a r i a t i o n  s t u d i e s .  
A l s o  wi th  t h e  wax technology t h e r e  is  no p o s s i b i l i t y  of i n t e r d i g i t a t i o n  of 
emitter and base  c o n t a c t s  t o  minimize t h e  base  r e s i s t a n c e .  It t h e r e f o r e  has  
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been decided t o  use  photomasking techniques t o  o b t a i n  devices  w i t h  a c c u r a t e l y  
c o n t r o l l e d  geometry t h a t  can be reproduced on a s i n g l e  wafer i n  s t e p s .  It i s  
expected t h a t  devices  of improved and r ep roduc ib le  e lectr ical  c h a r a c t e r i s t i c s  
should be ob ta inab le  i n  t h i s  way. 
The devices  formed by photomasking and e t ch ing  may be e i t h e r  of mesa 
type  o r  of p l ana r  type.  
a dev ice  as shown i n  Fig.  ( 3 ) .  
type  device  is shown i n  Fig.  ( 4 ) .  
advantages.  I n  t h e  p r e s e n t  s t u d i e s  t h e  ZnSe grown wafers  are 9 x 7 mm and 
i t  i s  proposed t o  make 9 t r a n s i s t o r s  on a s i n g l e  wafer i n  t h r e e  rows each row 
conta in ing  3 devices .  
I n  mesa type  t h e  success ive  masking and e t ch ing  g ives  
The geometry and t h e  arrangement of a p l ana r  
Each t y p e  has  i t s  own advantages and d i s -  
The m e s a  type  s t r u c t u r e  has  t h e  advantage t h a t  t h e  number of s t e p s  i n  i t s  
f a b r i c a t i o n  i s  minimum bu t  t h e  j u n c t i o n s  are open t o  atmosphere and hence t h e  
p r o p e r t i e s  of t h e  device  w i l l  be  inf luenced  by t h e  ambients.  
i s  reduced i n  t h e  p l ana r  s t r u c t u r e  by t h e  depos i ted  S i 0  l a y e r .  However t h e  
p r o p e r t i e s  of t h i s  type  w i l l  be  inf luenced  by t h e  q u a l i t y  of S i 0  
t h e  s u r f a c e  below S i 0  Poor q u a l i t y  i n s u l a t i o n  sometimes g ives  excess ive  
h igh  leakage cu r ren t  i n  p l ana r  type  t r a n s i s t o r s .  Whereas i n  some cases t h e  
c h a r a c t e r i s t i c s  of mesa type  devices  can be improved by e tch ing  t h i s  i s  no t  
p o s s i b l e  i n  p l ana r  type.  
This  p o s s i b i l i t y  
2 
and a l s o  by 2 
2'  
Fabr i ca t ion  of p l a n a r  type  device  involves  a cons iderably  l a r g e r  number 
of s t e p s  than  t h a t  of t h e  mesa type.  
S i 0  i s  depos i ted  on pGe be fo re  ZnSe growth and e m i t t e r  windows are etched i n  
t h e  Si02.  
windows have been etched.  However i t  is  not  clear i f  t h e  growth cond i t ion  
on t h e  s m a l l  window area w i l l  be  t h e  same as on t h e  l a r g e  area. It is  
p o s s i b l e  t h a t  t h e  n u c l e a t i o n  w i l l  f i r s t  s ta r t  a t  t h e  edges of t h e  grown 
l a y e r s  andmay no t  be uniform and may no t  be of t h e  same q u a l i t y .  
h a s . t o  be  i n v e s t i g a t e d  by a number of experiments.  
methods can be  decided only  by experiment and hence a l l  t h e  t h r e e  types  of 
s t r u c t u r e s  should be  f a b r i c a t e d  and t h e i r  r e l a t i v e  performances compared. 
Drawings corresponding t o  t h e s e  s t r u c t u r e s  have been prepared and masks have 
been made by photographic  r educ t ion  of t h e s e  drawings. S tud ie s  f o r  t h e  
f a b r i c a t i o n  of mesa type  s t r u c t u r e s  have been s t a r t e d .  
a l s o  t o  do some runs  on t h e  s e l e c t i v e  growth of ZnSe through s m a l l  S i 0  
windows on G e  s u b s t r a t e s .  
The number of s t e p s  can be  reduced if 
2 
ZnSe o r  G a A s  may now be grown s e l e c t i v e l y  i n  t h e  areas where 
This  p o i n t  
The m e r i t s  of t h e  t h r e e  
It i s  hoped s h o r t l y  
2 
- 1 2  - 
A L L  D I M E N S I O N S  
A R E  I N  MILS. 
- BASE P A D  
Evaporated A I  emitter contact 
/ 
Z n S e  GROWN 
L A Y E R  \ 
Zn, In evaporated layer 
// 
Al base contact 
4- p-Ge (diffused) 
n-Ge (substrate ) 
FIG. 3 Structure  of Mesa type Heterojunction Trans is tor  
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- EMITTER CONTACT PAD 
O N  s 
ALL D I M E N S I O N S  
A R E  I N  M I L S .  
- BASE PAD 
ZnSe grown layer 
/- A I  Emitter c o n t a c t  
In, Zn evaporaied lager 
A 1  b s e  Contact 
SiOz 
-> p-k (diffused) 
j n - G e  (substrate 
)Collector c o n t a c t  
FIG- 4 Strclcture of a Planar Heteso junc t ion  Trans i s to r .  
1 
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The a c t u a l  dimensions of t h e  t r a n s i s t o r  are shown i n  Fig.  ( 3 ) .  Magnified 
drawings (X80) of t h e  masks were made on S t a b i l e n e  Film and t h e  areas t o  be  
masked w e r e  c u t .  These p a t t e r n s  w e r e  reduced t o  t h e  requi red  s i z e  by us ing  
two s e p a r a t e  r educ t ion  s t e p s  of 4 : l  and 20: l .  The second camera (Burke & 
James, Inc .  Chicago) had a r e s o l u t i o n  of 5 microns.  
The next  s t e p  toward t r a n s i s t o r  f a b r i c a t i o n  fr'om t h e s e  masks is  e t ch ing  
of t h e  emitter mesa. A s  a pre l iminary  s t a g e ,  t h e  e t ch ing  c h a r a c t e r i s t i c s  and 
p a t t e r n  d e f i n i t i o n  has  been s tud ied  on wafers  of p o l y c r y s t a l l i n e  ZnSe material. 
These bulk  wafers  were lapped w i t h  3 , : ~  A1203 and then  etched f o r  10 minutes 
i n  methanol-bromine (100:0.5) s o l u t i o n .  Ag i t a t ion  w a s  provided by r o t a t i n g  
t h e  con ta ine r .  The e tched  s u r f a c e  r evea led  many twin  p lanes .  
c leaning  i n  t r i c h l o r o e t h y l e n e ,  ace tone  and methanol, t h e  p h o t o r e s i s t  KTFR w a s  
app l i ed  and t h e  adhesion of t h e  resist w a s  found t o  be  good. The sample w a s  
exposed through t h e  mask and a f t e r  developing w a s  hea t  t r e a t e d  t o  harden t h e  
p h o t o r e s i s t .  The pa t t e rns -were  e tched  i n  1% s o l u t i o n  of bromine i n  methanol 
a t  room temperature .  No a g i t a t i o n  w a s  provided dur ing  t h e  e t ch ing .  It w a s  
found t h a t  f o r  e t ch ing  t i m e s  up t o  10-15 minutes t h e  masks w e r e  q u i t e  e f -  
f e c t i v e  bu t  t h i s  e t ch ing  revea led  many o t h e r  twin p lanes .  Hopefully t h e  
problem of d i f f e r e n c e  i n  e t ch ing  rates on d i f f e r e n t  p lanes  w i l l  n o t  ar ise  
when w e  proceed t o  t h e  e tch ing  of t h i n  grown l a y e r s  of ZnSe which are s i n g l e  
c r y s t a l .  
A f t e r  u sua l  
The use  of methanol-bromine as t h e  e t ch ing  agent  i s  d e s i r a b l e  because i t  
e t c h e s  both ZnSe and G a A s ,  bu t  does n o t  a t t a c k  t h e  G e  base -co l l ec to r  region.  
Fig.  5 and 6 shows t h e  e t ch ing  rates observed f o r  methanol-bromine on ZnSe 
o r  G a A s .  
determine t h e  p a t t e r n  r e s o l u t i o n .  The r e s u l t s  are shown i n  F ig .  7 ,  from which 
it is  seen t h a t  an  e tch ing  depth  of 5 microns i s  a s s o c i a t e d  w i t h  an edge spread 
of 0.5 t o  3 microns under t h e  s imple cond i t ions  t e s t e d .  This  is accep tab le  f o r  
t h e  t r a n s i s t o r  p a t t e r n s  t h a t  we are p r e s e n t l y  i n t e r e s t e d  i n .  It i s  somewhat 
unexpected t h a t  t h e r e  i s  no s i g n  of undercut t ing  i n  t h e s e  p a r t i c u l a r  e t ch ing  
Some s t u d i e s  w e r e  a l s o  made of t h e  ang le  of e t ch ing  s i n c e  t h i s  can 
s t u d i e s .  
HETEROJUNCTION TRANSISTOR DESIGN STUDIES 
A pre l iminary  des ign  s tudy  of t h e  h igh  frequency c h a r a c t e r i s t i c s  of 
6 -  - 
he te ro junc t ion  t r a n s i s t o r s  w a s  begun on t h i s  g ran t .  
advanced as p a r t  of a U . S .  A i r  Force c o n t r a c t  19628-68-C-0179 . The r e s u l t s  
of t h e s e  two s t u d i e s  are summarized i n  t h i s  s e c t i o n .  
Th i s  work has  been f u r t h e r  
1 
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ETCHING T I M E  ( M I N I +  
FIG, 5 The Etching Fhte of ZnSe 
Etchant: - 200 cc Xethanol 4- 2 c c  bromine. 
Room. temperature, no a g i t a t i o n .  
- 16 - 
16 
I 4  
I 2  
0 
8 
6 
4 
2 
0 
N T E O  
I I I I ‘I L 
I. 2 3 4 5 6 
ETCHING T I M E  (MIN.).--> 
FIG, 6 The Etching Rate of GaRs 
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FIG.  7 Studies of Stching Angle f o r  Xethanol- 
Bromine Etch on ZnSe and G a s .  
The ZnSe specimens were polycrystalline and t h e  GaAs 
specimens were etched on the (111) A s  face. 
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The frequency l i m i t a t i o n s  of t h r e e  t r a n s i s t o r  t ypes  were explored 
assuming i d e n t i c a l  geometr ies .  The t h r e e  types  were a G e  homojunction de- 
vice, and a space-charge-limited,  semi- insu la t ing  G a A s  on G e  device .  The 
geometry chosen w a s  S h o y  ed-emi t t er , di f fused-  base,  e p i t  a x i a l - c o l l e c  t o r  t ype  
s t r u c t u r e .  Ca lcu la t ions  w e r e  performed i n  which allowances were made f o r  t h e  
t r a n s v e r s e  base  r e s i s t a n c e  and t h e  r e s i s t a n c e  of t h e  metal c o n t a c t s  t o  t h e  
base.  However c a l c u l a t i o n s  were a l s o  made i n  which t h e s e  were assumed 
minimized t o  determine t h e  inhe ren t  improvement poss ib l e .  
The conclus ions  from t h e  s t u d i e s  are as fol lows.  The GaAs-Ge hetero-  
j u n c t i o n  t r a n s i s t o r s  may be expected t o  be about equ iva len t  i n  frequency 
performance ~rhe t f ie r  t h e  emitter i s  space-charge-limited or no t  ( t h i s  assumes 
t h a t  t h e  f i e l d  i n  t h e  G a A s  n-emit ter  remains s l i g h t l y  below t h e  c r i t i c a l  va lue  
f o r  t h e  v a l l e y  t r a n s f e r  e f f e c t  of Gunn o s c i l l a t i o n ) .  
t a c t  r e s i s t a n c e s  ( t y p i c a l  of p re sen t  con tac t  technology) are inc luded  t h e  
h e t e r o j u n c t i o n  t r a n s i s t o r s  may be expected t o  have a maximum frequency of 
o s c i l l a t i o n  1.25 t i m e s  t h a t  of t h e  G e  homojunction t r a n s i s t o r .  However, i f  
t h e  p a r a s i t i c  base  r e s i s t a n c e s  could be l a r g e l y  e l imina ted ,  t h e  fmax of t h e  
he t e ro junc t ion  t r a n s i s t o r s  would be over  t w i c e  t h a t  of t h e  comparable G e  
homojunction t r a n s i s t o r .  
should perform i n  t h e  h igh  GHz range) .  
advantages of he t e ro junc t ion  t r a n s i s t o r s  r e s u l t s  from t h e  low base  r e s i s t a n c e  
made p o s s i b l e  by t h e  permi t ted  heavy doping of t h e  base.  
vantage  i s  n o t  r e a l i z a b l e  u n l e s s  advanced con tac t ing  techniques are a v a i l a b l e  
t o  minimize p a r a s i t i c  base  r e s i s t a n c e s .  
7. 
I f  p a r a s i t i c  base  con- 
. 
(The c a l c u l a t i o n s  w e r e  made f o r  a s t r u c t u r e  t h a t  
Most of t h e  frequency-performance 
Obviously t h i s  ad- 
PREPARATION FOR TRANSISTOR FREQUENCY MEASUREMENTS 
When he te ro junc t ion  t r a n s i s t o r s  w i t h  wel l -def ined geometr ies  are avail- 
a b l e ,  i t  i s  proposed t o  s tudy  t h e i r  ampli tude and phase-response as a func t ion  
of frequency. This  should show whether t r a p s ’ o r  recombination states i n  t h e  
emitter, o r  t h e  base ,  o r  a t  t h e  i n t e r f a c e ,  are p lay ing  a determining r o l e  i n  
t h e  frequency response.  For t h i s  purpose,  t h e  Grant provided f o r  t h e  purchase 
of a Vector Voltmeter hp 8405A and t h i s  instrument  w a s  rece ived  about a month 
ago. The t r a n s i s t o r  f i x t u r e s  are s t i l l  on o rde r .  
W e  are now i n  process  of se t t ing-up  t h e  instrument  i n  a measuring c i r -  
c u i t .  The c i r c u i t  proposed i s  shown i n  Fig.  8. Th i s  c i r c u i t  and i t s  i n d i -  
v i d u a l  components are p r e s e n t l y  undergoing test and eva lua t ion .  
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’ FIG* 8 Block Diagram for Xei7surernent of Transistor Frequency 
Parameters . 
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8. LOW TEMPERATURE GROWTH OF G e  ON ZnSe OR G a A s  
--I__----___--_____ 
Bulk ZnSe can r e a d i l y  be doped n t y p e  t o  less than  1 ohm-cm r e s i s t i v i t y ,  
b u t  l a y e r s  of ZnSe grown by t h e  H C 1  close-spaced t r a n s p o r t  p rocess  tend t o  
be 10  - 10 ohm-cm. This  has  prompted an  i n v e s t i g a t i o n  i n t o  t h e  p o s s i b i l i -  
t i es  of growing s u i t a b l y  doped p-Ge on doped ZnSe s u b s t r a t e s .  
3 4 
Although ZnSe has  a v e r y  h igh  mel t ing  p o i n t  and n-type i m p u r i t i e s  i n  
ZnSe (Ga and Al) a l s o  have f a i r l y  low d i f f u s i o n  c o e f f i c i e n t s ,  t h e  problem of 
f a s t  ou t -d i f fus ion  rates of Zn from ZnSe seve re ly  l i m i t s  t h e  process ing  
temperatures  t o  less than  400°C. 
compensate t h e  n-mater ia l  t o  h igh  r e s i s t i v i t y .  
growth system f o r  G e  by d i sp ropor t ion  of i od ides  w a s  a v a i l a b l e  and t h e r e f o r e  
t r i e d .  
Zn vacancies  act  l i k e  accep to r s  and t h u s  
A low temperature  e p i t a x i a l  
Seve ra l  runs  were made i n  t h e  iod ine  system, bu t  a l l  of them gave n-type 
G e  d e p o s i t s  even though G a  (a p-type dopant) w a s  p re sen t  i n  t h e  system. I d e n t i c a l  
cond i t ions  wi th  G e  seeds  gave a very  heav i ly  doped p-type growth. 
cluded t h a t  t h e  c o n t r o l  of growth rates and doping l e v e l s  was u n s a t i s f a c t o r y  
i n  t h e  system i n  i t s  e x i s t i n g  form, and i t  w a s  decided t o  r e b u i l d  i n  a form 
t h a t  included t h e  improvements r epor t ed  by I B M  workers r e c e n t l y .  
8.1 Improved Iod ide  Dispr_gor t iona t ion  S y s t e m  
It w a s  con- 
The previous  germanium iod ide  d i sp ropor t iona t ion  growth system has been 
modified t o  1) permit  c o n t r o l l e d  p and n type  doping, 2) i s o l a t e  t h e  iod ine  
source  from t h e  atmosphere between runs ,  and 3 )  reduce t u r n  around t i m e  be- 
tween runs .  Fig.  9 shows t h e  r ev i sed  system as i t  i s  now cons t ruc ted .  
The growth process  begins  by meter ing a c o n t r o l l e d  mixture  of hydrogen 
and helium and pass ing  t h i s  mixture  upwards through a column conta in ing  u l t r a  
h igh  p u r i t y  i o d i n e  c r y s t a l s  and g l a s s  beads.  The beads a c t  as iner t  material 
t o  prevent  packing of t h e  i o d i n e  c r y s t a l s  and t o  i n s u r e  t h a t  t h e  p a r t i a l  pres-  
s u r e  of i o d i n e  i n  t h e  e x i s t i n g  gas  mixture  i s  a t  t h e  equ i l ib r ium va lue  f o r  a 
g iven  i o d i n e  temperature .  
through a chamber conta in ing  f i n e  plat inum wool a t  350 - 450'C. 
plat inum c a t y l i z e s  t h e  r e a c t i o n  between t h e  hydrogen and i o d i n e  t o  form 
hydrogen iod ide  which i s  more s t a b l e  i n  t h e  vapor phase near  room temperature  
than  i s  iodine .  A s  t h e  f i g u r e  i n d i c a t e s ,  both t h e  i o d i n e  column and t h e  
plat inum wool conve r t e r  can be c losed  o f f  from t h e  atmosphere by t e f l o n  va lves  
when t h e  main growth t u b e  i s  opened t o  t h e  atmosphere f o r  seed i n s e r t i o n  and 
c leaning .  
The gas  mixture  conta in ing  i o d i n e  vapor next  passes  
This  hea ted  
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The r e s u l t a n t  EI-He mixture  i s  next  passed through a bed of i n t r i n s i c  
G e  which is  maintained a t  550-650OC. Here t h e  H I  reacts wi th  t h e  G e  t o  form 
G e 1 2 ,  and f r e e  H2. 
b a f f l e s  which f o r c e  t h e  gases  t o  pas s  i n  con tac t  w i th  t h e  G e  lumps, r a t h e r  
t han  by t h e i r  s u r f a c e ,  t o  promote r e a c t i o n  t o  equi l ibr ium.  
through a r e s t r i c t i o n ,  the t r anspor t ed  G e I  
which t h e  seed is maintained a t  350 - 450OC. 
takes p l a c e  r e s u l t i n g  i n  f r e e  G e ,  which d e p o s i t s  ou t  as a s o l i d  growth, and 
germanium iod ides  of  h ighe r  i o d i n e  conten t .  
on to  t h e  f i n a l  l e n g t h  of l i n e r  tube  which i s  now t h e  only  system p a r t  which 
must be  removed f o r  c l ean ing  between runs.  
The bed c o n s i s t s  of  several s m a l l  chambers sepa ra t ed  by 
A f t e r  pass ing  
e n t e r s  t h e  depos i t i on  r eg ion  i n  
Here t h e  d i s p r o p o r t i o n a t i o n  
2 
These remaining i o d i d e s  depos i t  
Doping w i l l  be  accomplished by a d d i t i o n  t o  t h e  growth s t r e a m , j u s t  p r i o r  
t o  t h e  d e p o s i t i o n  region,of  e i t h e r  a r s i n e  i n  helium f o r  n-type o r  boron tri- 
i o d i d e  i n  a helium-hydrogen mixture  f o r  p-type l a y e r s .  The flow of t h e s e  
gaseous dopants i s  metered through needle  va lves  and may be changed dur ing  
t h e  course  of a run t o  form a j u n c t i o n  w i t h i n  t h e  grown l a y e r .  A t  t h e  output  
end of t h e  growth tube  p rov i s ions  e x i s t  f o r  exhausf ing t h e  t r a n s p o r t  gases  and 
f o r  evacuat ing  t h e  e n t i r e  system p r i o r  t o  growth runs.  
now been completed and l e a k  t e s t e d .  
This  system has  j u s t  
I n i t i a l  runs  t o  determine t h e  q u a l i t y  of 
growths and cond i t ions  f o r  c o n t r o l l e d  doping are being made. 
8.2 So lu t ion  Growth of G e  from Z i n c  Alloys 
Another low temperature  e p i t a x i a l  growth system under i n v e s t i g a t i o n  is  a 
s o l u t i o n  growth system us ing  Zn as a so lven t  f o r  G e .  
purposes.  F i r s t ,  i t  acts as a v e h i c l e  ( so lven t )  f o r  t r a n s p o r t  of G e .  Second, 
i t  provides  t h e  p-type dopant impur i ty  f o r  t h e  G e  grown l a y e r s  and t h i r d ,  
last bu t  no t  t h e  least ,  i t  p reven t s  ou t -d i f fus ion  of Zn from ZnSe. Therefore ,  
t h i s  process  is  not  n e c e s s a r i l y  r e s t r i c t e d  t o  ope ra t ion  a t  low temperatures .  
However, i n  our  experiments ,  low temperatures  (C5OO"C) were used f o r  t h e  
fol lowing reasons.  
Here Zn s e r v e s  t h r e e  
c 
Appl ica t ion  of t h e  devices  t o  b e  f a b r i c a t e d  demands a low doping l e v e l  
and long  d i f f u s i o n  l eng th  f o r  minor i ty  carriers i n  t h e  grown p-Ge l a y e r .  I n  
t h e  growth system, s i n c e  t h e  dopant (Zn) is  p resen t  i n  l a r g e  q u a n t i t i e s ,  i t s  
inco rpora t ion  i n  G e  is  l i m i t e d  by i t s  s o l i d  s o l u b i l i t y  l i m i t  only.  
most of t h e  dopants have r a t h e r  h igh  s o l i d  s o l u b i l i t y  l i m i t s  ( 
5 x 10 
an oppos i t e  type  impur i ty  i s  contemplated i n  t h e  s o l u t i o n  growth system t o  ob- 
t a i n  a s u i t a b l y  low doping l e v e l .  However, because of t h e  second requirement 
Unfor tuna te ly ,  
5 x 1017 t o  
20 range) .  Therefore ,  p a r t i a l  compensation by t h e  i n c l u s i o n  i n  t h e  Zn of 
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on minor i ty  carrier d i f f u s i o n  l eng th ,  i t  i s  d e s i r a b l e  t o  use  as low a growth 
temperature  as p o s s i b l e  i n  o r d e r  t o  reduce t h e  amount of compensation needed. 
Experiments w i th  t h e  Zn so lven t  system soon ind ica t ed  t h a t  t h e  f l u i d  
p r o p e r t i e s  of Zn a t  temperatures  below 500°C are no t  s u i t a b l e  f o r  easy pour- 
o f f  of t h e  s o l u t i o n  a f t e r  t h e  growth i s  over .  
w a s  used i n  la ter  experiments.  
l a y e r s .  These and o t h e r  obse rva t ions ,  suggest  t h e  presence of a v e r y  t h i n  
scum (oxides  probably) over  t h e  s o l u t i o n ,  which breaks-up and covers  s m a l l  
pa tches  of t h e  i n t e r f a c e  between t h e  ZnSe and t h e  s o l u t i o n ,  when t h e  s o l u t i o n  
is  r o l l e d  over  t o  cover  t h e  seed. Therefore ,  e x t r a  care i s  now being taken 
t o  r e p u r i f y  t h e  s t a r t i n g  materials. 
gas  during t h e  runs  i n  dry  hydrogen and probably w a s  a f u r t h e r  sou rce  of 
oxygen i n  t h e  system. 
a v a i l a b l e  soon. 
a l l o y  i s  being c a r r i e d  ou t .  
i n  la ter  runs  i s  a l s o  being doped. Each doping run t akes  about a week. 
9. OPTICAL MEAZIJREMENTS 
A mixture  of 50% Zn and 50% I n  
Non-uniform f e a t u r e s  w e r e  found on t h e  grown 
The g r a p h i t e  boat  w a s  a l s o  found t o  de- 
A s apph i re  boat  is  now ordered and i s  expected t o  be 
Meanwhile, p u r i f i c a t i o n  of Zn and I n  and t h e  5 0 / 5 0  Zn/In 
Bulk ZnSe material, which is t o  be used f o r  s eeds  
The o p t i c a l  p r o p e r t i e s  of he t e ro junc t ions  are p o t e n t i a l l y  i n t e r e s t i n g  
f o r  s e v e r a l  reasons.  One is  t h e  window e f f e c t  i n  a pn h e t e r o j u n c t i o n ,  i n  
which t h e  wide-gap semiconductor ac t s  as a window f o r  l i g h t  i n  t h e  photon 
energy range between t h a t  of t h e  energy gaps of t h e  two semiconductors forming 
t h e  junc t ion .  For example, i n  a ZnSe/Ge j u n c t i o n  photons of energy between 
2.6 and 0.7 ev are t r ansmi t t ed  wi thout  abso rp t ion  through t h e  ZnSe t o  t h e  
j u n c t i o n  w i t h  t h e  G e  where they  create hole-e lec t ron  p a i r s  and photo-ce l l  
a c t i o n .  In  a GaAs-ZnSe j u n c t i o n  photons of energy between 2.6 - 1 . 4  e V  
w i l l  create hole-e lec t ron  p a i r s .  
I n  a homojunction photo-cel l ,  where window a c t i o n  does not  occur ,  t h e  
l i g h t  tends  t o  be  absorbed very  c l o s e  t o  t h e  s u r f a c e  of t h e  c e l l  thaf ,  i s  il- 
luminated 
carriers are no t  t o  be l o s t  by reconbina t ion  whi le  d i f f u s i n g  t o  t h e  j u n c t i o n  
o r  by s u r f a c e  recombination. 
create la teral  b i a s  e f f e c t s  and r e s u l t s  i n  i n t e r n a l  impedance i n  t h e  ce l l .  
In a h e t e r o j u n c t i o n  p h o t o c e l l ,  however, t h e  j u n c t i o n  i s  much deeper  (Fig.  10 
(a) (b) ) and t h e  lateral  e f f e c t s  may be  correspondingly less. 
of t h i s  window e f f e c t  i n  p h o t o c e l l  des igns  of nZnSe-pGaAs, and nZnSe-pGe is 
of i n t e r e s t  because t h e  output  v o l t a g e  of t h e  G a A s  c e l l  should be g r e a t e r  
and t h e  j u n c t i o n  must be correspondingly c l o s e  t o  t h e  s u r f a c e  i f  
The j u n c t i o n  c l o s e  t o  t h e  s u r f a c e  tends  t o  
Comparison 
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FIG. 10 Homojunction and Hetero jwic t ion  Solar Cells. 
The t h i c k  e p i t a x i a l  ZnSe layer i n  t h e  he t -e ro junc t ion  
c e l l  produces window e f f e c t  and low lateral resista.nce.  
- 25 - 
than  t h a t  of t h e  G e  c e l l  and less s e n s i t i v e  f o  h igh  temperatures .  
electrical  p r o p e r t i e s  are s u f f i c i e n t l y  i n t e r e s t i n g ,  neut ron  f l u x  i r r a d i a t i o n  
I f  t h e  
s t u d i e s  ( i n  which our  l a b o r a t o r y  has  some experience)  may b e  at tempted t o  
assess r a d i a t i o n  r e s i s t a n c e  e f f e c t s .  
The j u n c t i o n s  of nZnSe-pGaAs may a l s o  b e  w e l l  worth examination f o r  
photon r a d i a t i o n  emission ( through t h e  ZnSe window) r e s u l t i n g  from d i r e c t  
gap recombination of i n j e c t e d  carriers. 
The photo-proper t ies  of he t e ro junc t ion  t r a n s i s t o r s  should a l s o  be un- 
u s u a l l y  i n t e r e s t i n g .  For i n s t a n c e  i n  an  npn he te ro junc t ion  t r a n s i s t o r  (b iased  
between e m i t t e r  and c o l l e c t o r  w i th  t h e  base  f l o a t i n g )  t h e  quantum ga in  should 
b e  h igh ,  s i n c e  t h e  passage of h o l e s  from t h e  base  t o  t h e  emitter w i l l  involve  
cons iderable  forward b i a s  of t h e  emit ter-base j u n c t i o n  and t h e r e f o r e  r e s u l t  
i n  a heavy i n j e c t i o n  of e l e c t r o n s  from t h e  emitter i n t o  t h e  base  which w i l l  
appear as c o l l e c t o r  c u r r e n t .  - I n  essence ,  t h e r e f o r e  t h e  Kroemer exponent ia l  
f a c t o r  
should f u r t h e r  c o n t r i b u t e  t o  t h e  e f f e c t i v e n e s s  of t h e  photo he t e ro junc t ion  
t r a n s i s t o r .  W e  propose looking f o r  t h e s e  e f f e c t s  s i n c e  r e l a t i v e l y  l i t t l e  i s  
known a t  p re sen t  about t h e  o p t i c a l  p r o p e r t i e s  of he t e ro junc t ions  t h a t  have 
exh ib i t ed  good e l ec t r i ca l  t r a n s i s t o r  c h a r a c t e r i s t i c s .  
*d Eg/(kT) should appear i n  t h e  quantum ga in .  The window e f f e c t  
The major hold-up i n  t h e  de te rmina t ion  of t h e s e  o p t i c a l  p r o p e r t i e s  i s  
r e l a t e d  t o  our  need t o  have low r e s i s t i v i t y  i n  t h e  h igh  energy gap material  
and good con tac t  technology. 
on as d iscussed  earlier i n  t h i s  r e p o r t .  
Both of t h e s e  problems are being a c t i v e l y  worked 
For ob ta in ing  optimum performance from ZnSe-Ge o r  ZnSe-GaAs photo-diodes, 
a knowledge of t h e  o p t i c a l  p r o p e r t i e s  of doped ZnSe i n  t h e  photon energy 
i n t e r v a l  (2.7 eV t o 0 . 6  eV') i s  a l s o  d e s i r a b l e .  To d a t e ,  t h i s  in format ion  i s  
n o t  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Therefore ,  t h e s e  measurements are being 
undertaken. 
Transmission through a pol i shed  ZnSe sample is  being measured f o r  two 
d i f f e r e n t  th icknesses .  The r e s u l t s  are analyzed t o  s e p a r a t e  t h e  r e f l e c t i o n  
and abso rp t ion  c o e f f i c i e n t s .  
ments t h e  absorp t ion  c o e f f i c i e n t  i s  s m a l l  wh i l e  r e f l e c t i o n  c o e f f i c i e n t  i s  
r e l a t i v e l y  h igh  and t h e  samples a v a i l a b l e  are q u i t e  t h i n ,  t h e r e f o r e  e x t r a  care 
is  needed f o r  b e t t e r  accuracy of measurements. 
on ly  one o p t i c a l  d e t e c t o r  can be  used a t  a t i m e  w i t h  no arrangement f o r  beam- 
s p l i t t i n g .  This  r e q u i r e s  a long-term as w e l l  as short- term s t a b i l i t y  of t h e  
I n  t h e  photon energy i n t e r v a l  f o r  t h e s e  measure- 
With t h e  a v a i l a b l e  system, 
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l i g h t  source .  A cons tan t  vo l t age  t ransformer  i s  now used t o  power t h e  lamp 
source.  
A t  p re sen t  some d i f f i c u l t i e s  are a l s o  encountered i n  ob ta in ing  chemical ly  
po l i shed  (damage f r e e )  ZnSe w i t h  o p t i c a l  g rade  su r faces .  This  t r o u b l e  i s  
mainly because of t h e  presence  of twin-planes i n  t h e  ZnSe c r y s t a l s .  
p re l iminary  i n v e s t i g a t i o n s  show t h a t  mechanical damage i n  a p rope r ly  
pol i shed  ZnSe sample does no t  a l te r  t h e  o p t i c a l  p r o p e r t i e s  i n  t h e  photon 
energy range 2.7 e V  t o  0.6 ev. Measurements are i n  p rogres s  and doped ZnSe 
samples are being pol i shed .  
However, 
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